To explore the effect of hypoxic preconditioning on the JAK/STAT3 signaling pathway and its effect on trophoblast cell viability and angiogenesis in preeclampsia (PE).
Background
PE is a pregnancy-specific syndrome clinically characterized by hypertension and proteinuria, which occurs during a woman's gestation period [1] . PE is one of the leading causes of maternal and neonatal morbidity and mortality in the world, affecting 2% to 8% of pregnancies [2, 3] . PE exerts impairs functioning of the kidneys, liver, and central nervous system, and causes symptoms such as headaches and cerebral or visual disturbances. The etiology remains poorly understood [4] . Because delivery of the placenta and fetus is the only effective way to resolve hypertension, the placenta plays an important part in PE progression, and the factors or signals from placental ischemia or damaged placental blood flow are involved in the relationship of the placenta with maternal vascular dysfunction [5] . Abnormal lipid metabolism is related to the pathogenesis, and acute atherosis has been identified in uteroplacental beds in PE [2] . PE may be caused by impaired invasion of trophoblasts, which is mediated by a complicated network of cells, regulators, growth factors, cytokines, and signaling pathways [1, 6] . At the early stage of pregnancy, trophoblast cells differentiate into extravillous trophoblasts that highly invade the maternal decidua to the inner myometrium and migrate along the spiral arteries, contributing to placenta development and pregnancy [7] . Trophoblasts incompletely remodel uterine spiral arteries, reducing maternal blood flow to the placenta, and trophoblast differentiation along the signaling pathway, causing uterine invasion, is abnormal at a molecular level [8] .
The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is constantly activated in various tumors and regulates the proliferation, growth, differentiation, migration, and invasion of cancer cells [9] . JAK phosphorylates STAT for binding DNA and regulation of gene transcription, and activated JAK plays a key role in the specificity of cytokine function [10] . STAT3, one of 7 members of the STAT family of proteins that participate in normal cellular responses to cytokines and growth factors as transcription factors, is persistently activated in human malignancies [11, 12] . Constitutive STAT3 activation promotes tumor cell proliferation and accelerates tumorigenesis [13, 14] . Tumor hypoxia has been found to promote the metastasis of non-small cell lung cancer (NSCLC) by ERK signaling, and hypoxia inducible factor-1a (HIF-1a) triggered by hypoxic environment results in the growth of tumor vasculature [15] . Therefore, the purpose of this study was to analyze the effect of hypoxic preconditioning on the JAK/STAT3 signaling pathway and its effect on trophoblast cell viability and angiogenesis in PE.
Material and Methods

Study subjects
Placental tissues were obtained from 42 normal pregnant women (average age, 26.8±3.2 years) and 42 PE patients (average age, 27.1±3.6 years) in The Third Affiliated Hospital, Sun Yat-sen University from April 2015 to August 2016. PE patients were included if they were clinically diagnosed with PE and were without pregnancy complications such as hypertension. PE patients were excluded if they had cardiac disease and other diseases, and if they had heart, lung, liver, or kidney dysfunction. The study was approved and supervised by the Ethics Committee of The Third Affiliated Hospital, Sun Yat-sen University and informed consent was obtained from each subject.
Cell separation, culture, and purification Sterile placental tissues in late pregnancy were collected. Maternal villus tissues were cut from the placenta near the umbilical cord. The villus tissues were repeatedly washed with normal saline, cut into paste, digested with trypsin, and filtered. The filtrate was added into a centrifuge tube containing fetal bovine serum (FBS) (Hyclone, Logan, UT, USA) and the supernatant was discarded after centrifugation, and then resuspended and precipitated by Dulbecco's modified Eagle's medium (DMEM) (Hyclone, Logan, UT, USA) with serum. The undigested tissues were digested 3 times for cell suspension. Percoll solution with a higher density (3 ml) was added into the centrifuge tube (50 ml) and then Percoll solution with a lower density (3 ml) was added slowly. The cell suspension was centrifuged and the cells were sucked with a pipette into the centrifuge tube (50 ml). The cells were diluted with DMEM (1: 4) and centrifuged for removal of the supernatant, then this step was repeated. MDME medium containing 20% FBS, 20 000 U/ml penicillin, and 20 000 U/ml streptomycin (Hyclone, Logan, UT, USA) was used for suspension and precipitation. The cell suspension density was adjusted to 5~6×10 5 cells/ml and the cells were cultured in an incubator with 5% CO 2 at 37°C.
Identification of trophoblast cells by immunohistochemistry performed to detect the expression of cytokeratin-7 and vimentin
The cells were seeded into a 6-well plate with slides for culture in DMEM containing 20% FBS and adhered to the slides after 24 h. After 24 h, the slides were washed with phosphate-buffered saline (PBS) 3 times, fixed with cold acetone for 20 min, and cleaned with PBS 3 times for 5 min each time. The slides were treated with 0.3% H 2 O 2 for 20 min at room temperature, then incubated in a wet box with PBS and 25% FBS at room temperature for 20 min, and the medium was removed gently.
Mouse anti-human cytokeratin-7 and vimentin monoclonal antibodies were added into the wet box at 37°C for 60 min. PBS was used to wash slides 3 times for 5 min each time. The secondary antibody labeled with biotin was added into the wet box for 60 min at 37°C and the samples were rinsed with PBS 3 times for 5 min. The fresh DAB solution was supplemented for staining for 15 min at room temperature. The positive cells with tan cytoplasm were observed under a microscope. The cells were rinsed with water to terminate the reaction. Next, the cells were restained with hematoxylin, dehydrated by gradient ethanol, made transparent with xylene, mounted with neutral balsam, and observed under the microscope.
Cell grouping and treatment
The trophoblast cells identified in the logarithmic growth phase were collected and divided into 4 groups: (1) the blank group (cultured in normoxia); (2) the hypoxia group (cultured in a hypoxia incubator with 1% oxygen, 5% CO 2, and nitrogen for 48 h); (3) the hypoxia + si-negative control (si-NC) group (transfected with si-NC, the negative control of si-JAK, in a hypoxia incubator for 48 h); and (4) the hypoxia + si-JAK group (transfected with si-JAK in a hypoxia incubator for 48 h). The vectors of si-JAK and si-NC were designed and constructed by Shanghai GenePharma Co., Ltd. (Shanghai, China). According to the instructions of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), the trophoblast cells were transfected for 48 h and used for the subsequent experiment of detecting cell viability and angiogenesis.
Quantitative real-time polymerase chain reaction (qRT-PCR)
The total RNA was extracted from the placental tissues and the trophoblast cells of each group by Trizol according to manufacturer's instructions (Invitrogen, Carlsbad, CA, USA) and the purity of total RNA was tested by ultraviolet spectroscopy and formaldehyde-denaturing gel electrophoresis. The RNA (1 μg) was converted into cDNA using AMV reverse transcriptase. The primers for the qRT-PCR assay was designed and synthetized by Invitrogen (Carlsbad, CA, USA) (Table 1) , using glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as the internal reference. The conditions were pre-denaturation at 94°C for 40 s, denaturation at 94°C for 40 s, annealing at 60°C for 40 s and extension at 72°C for 1 min, with 40 cycles, and then extension at 72°C for 10 min. The products were evaluated by use of Opticon Monitor 3 software (Bio-Rad, Hercules, CA, USA) after agarose gel electrophoresis. The thresholds were manually selected at the lowest point of each logarithmic amplification curve to obtain the threshold value (Ct). The relative quantification was calculated with the use of the 2 -DDCt method, which presented the ratio of target gene expressions between the experiment group and control group. DDCt was calculated as [Ct (target gene) -Ct (reference gene)] experiment group -[Ct (target gene) -Ct (reference gene)] control group . The experiment was performed in triplicate to obtain the average.
Western blotting
The proteins were extracted from the placental tissues and trophoblast cells of each group, and the protein concentration was determined by use of the BCA protein assay kit (Wuhan Boster Biological Technology Ltd., Wuhan, China). The extracted proteins were added with the sample buffer (30 µg in each well) and boiled at 95°C for 10 min. The proteins were separated with 10% polyacrylamide gel (Wuhan Boster Biological Technology Ltd., Wuhan, China) electrophoresis with a voltage of 80 v to 120 v. The proteins were transferred via a wet-transfer process at 100 mv for 45-70 min to polyvinylidene fluoride (PVDF) membrane. Then, the membranes were blocked with 5% bovine serum albumin (BSA) at room temperature for 1 h, and incubated overnight at 4°C with the addition of rabbit anti-mouse JAK, STAT3, phosphorylated (p)-JAK and p-STAT3 primary antibodies (1: 1000) (Cell Signaling Technology, Beverly, MA, USA), and b-actin primary antibody (1: 3000) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). After fully cleaning by Tris-buffered saline containing Tween-20 (TBST) (3 times/5 min), the membranes were incubated with the secondary antibody (Shanghai Miaotong Biological Technology Co., Ltd, Shanghai, China) at room temperature for 1 h. After cleaning membranes (3 times/5 min), the chemiluminescence reagent was used to develop using a Gel Doc EZ Imager (BioRad, Hercules, CA, USA). b-actin was used as the internal reference. The gray values of target bands were analyzed using Image J software. The experiment was performed in triplicate to obtain the average.
MTT assay
The cells were diluted and seeded into a 96-well plate with 5×10 4 cells per well (6 wells in each group). When the cell confluence reached 80%, the cells were treated as the above Table 1 . The primer sequence for qRT-PCR.
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grouping. After reoxygenation, the cells were supplemented with 20 μl MTT (Sigma, Missouri, USA) and incubated at 37°C for 4 h. MTT solution was discarded before 150 μl dimethyl sulfoxide (Sigma, Missouri, USA) was added to each well and shaken for 10 min. The absorbance (OD) in each well was measured at 490 nm with a microplate reader. The experiment was performed in triplicate to obtain the average OD. The survival rate of cells was calculated as (OD in the experiment group -OD in the blank group)/OD in the blank group.
Colony formation assay
Trophoblast cells in logarithmic growth phase were seeded into a 6-well plate and cultured with 2 ml medium in each well. The cells were scattered evenly after shaking the plate gently.
The medium was removed when the clones were seen in the plate. The cells were washed by PBS 3 times and fixed with methanol for 15 min. After the methanol was sucked out, the cells were cleaned with PBS twice and 0.5% crystal violet was added for 10 min. The cells were washed with distilled water to remove the staining solution and air-dried at room temperature, then the clone cells were counted.
Flow cytometry
Trophoblast cells in logarithmic growth phase were digested, mixed, suspended, and collected after centrifugation, with the removal of the supernatant. The cells were washed with precooled PBS at 4°C and centrifuged at 1000 rpm for 5 min, which was repeated twice. The cell density was adjusted to 10 6 cells/ml and the precooled PBS (200 μl) was used to wash the cells before centrifugation. The cells were resuspended in 100 μl binding buffer and mixed with 2 μl Annexin-V-FITC (20 μg/ml) on ice in the dark for 15 min. Next, we added with 300 μl PBS and 1 μl PI (50 μg/ml) to the cells and put the mixture into a flow cytometer. The cells in the left upper quadrant were mechanically damaged cells, those in the right upper quadrant were apoptotic cells or necrotic cells, those in the left lower quadrant were negative normal cells, and those in the right lower quadrant were early apoptotic cells.
Enzyme-linked immunosorbent assay (ELISA)
The supernatant was collected and the particles were removed by centrifugation. The samples were stored at -20°C without repeated freezing and thawing. The levels of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and hepatocyte growth factor (HGF) were detected by ELISA (R&D Systems, Minneapolis, MN, USA). The blank wells were used for zero. The OD in each well was measured at 450 nm with a microplate reader (Bio-Tek Instruments, Winooski, VT, USA). The experiment was performed in triplicate to obtain the average.
Statistical analysis
All data were analyzed by SPSS 21.0 (SPSS, Inc., Chicago, IL, USA). Measurement data are expressed as mean ± standard deviation (SD). The least significant difference (LSD) test was used for pairwise comparisons. Multiple groups were compared by the one-way analysis of variance (ANOVA). The measurement data with normal distribution were compared by t test between 2 groups. P<0.05 was considered as statistically significant.
Results
Expression levels of JAK and STAT3 in placental tissues of PE patients
The qRT-PCR and Western blotting showed that compared with the normal pregnant women, the mRNA and protein expression levels of JAK and STAT3 were elevated in the placental tissues of PE patients (all P<0.01), indicating that the JAK/ STAT3 signaling pathway was associated with PE ( Figure 1 ).
The morphology of trophoblast cells
The separated trophoblast cells were observed as mononuclear cells, mainly under an inverted microscope. The cells started to be adhered after 3 h, and were mostly adhered after 18 h, and adhered totally after 24 h, with various forms.
Identification of trophoblast cells
Tan particles were seen in the cytoplasm of positive cells. Immunohistochemistry indicated that the keratin presented positive and vimentin presented negative in the trophoblast cells, while the keratin presented negative and vimentin presented positive in the vascular endothelial cells and interstitial cells. The percentage of cells with positive keratin was over 90% (Figure 2 ).
Expressions of p-JAK and p-STAT3 in trophoblast cells among the blank, hypoxia, hypoxia + si-NC, and hypoxia + si-JAK groups
The Western blotting assay suggested that the expression levels of p-JAK and p-STAT3 in the trophoblast cells were increased in the hypoxia group and hypoxia + si-NC group compared to the blank group (all P<0.01), while there was no significant difference in the p-JAK and p-STAT3 expression levels between the hypoxia group and blank group (all P>0.05) (Figure 3 Hypoxic preconditioning promoted trophoblast cell viability by activation of the JAK/STAT3 signaling pathway
As shown in Figure 4 , cell viability rose during 48 h in the blank and hypoxia + si-JAK groups, and cell viability had no significant change in the blank and hypoxia + si-JAK groups at the same time point (all P>0.05). However, cell viability in the hypoxia group was significantly higher than that in the blank group and hypoxia + si-JAK group at the same time point (all P<0.05), suggesting that hypoxia-induced activation of JAK/STAT3 signaling pathway promoted the viability of trophoblast cells in PE. The hypoxia and hypoxia + si-NC groups showed no significant difference in cell viability at the same time point (all P>0.05).
Hypoxic preconditioning promoted colon-forming abilities of trophoblast cells by activation of the JAK/STAT3 signaling pathway
In Figure 5 , the clone numbers were similar in the hypoxia and hypoxia + si-NC groups (all P>0.05). In comparison to the blank group, the clone numbers were obvious increased in the hypoxia and hypoxia + si-NC groups (all P<0.05), demonstrating that hypoxia contributed to the colony formation of the trophoblast cells. However, the colony formation of trophoblast cells in the hypoxia + si-JAK group was similar to that in the blank group (all P>0.05). Hypoxic preconditioning inhibited trophoblast cell apoptosis by activation of the JAK/STAT3 signaling pathway
The apoptosis rate of trophoblast cells was decreased in the hypoxia group and hypoxia + si-NC group than that in the blank group (all P<0.05) ( Figure 6 ). Compared with the hypoxia group, the apoptosis rate in the hypoxia + si-JAK group was the same as in the blank group (all P>0.05). The results indicate that hypoxia-induced activation of the JAK/STAT3 signaling pathway inhibited the apoptosis of trophoblast cells. The levels of VEGF, bFGF, and HGF in trophoblast cells among the blank, hypoxia, hypoxia + si-NC, and hypoxia + si-JAK groups ELISA results showed that the levels of angiogenesis-related factors VEGF, bFGF, and HGF significantly increased in the hypoxia group and hypoxia + si-NC group compared to the blank group (all P<0.05), suggesting that hypoxia led to the angiogenesis of trophoblast cells. No significant difference was found in the levels of VEGF, bFGF, and HGF between the hypoxia + si-JAK group and blank group, and between the hypoxia group and hypoxia + si-NC group (all P>0.05) ( Table 2 ).
Discussion
PE is related to shallow trophoblast invasion and insufficient spiral artery remodeling, which generally results in placental hypoxia that eventually causes the maternal manifestations of the disease [16, 17] . An increasing number of studies have discovered that placenta tissue hypoxia is one of the important pathologic characteristics of PE [18, 19] . The present study concludes that hypoxic preconditioning activates the JAK/STAT3 signaling pathway, and promotes the viability of trophoblast cells and angiogenesis, while it inhibits the cell apoptosis, in PE.
Initially, the results showed that the placental tissues of PE patients had higher expressions of JAK and STAT3 compared with the normal pregnant women. The JAK/STAT3 signaling pathway has been confirmed as the most important signaling pathway in maintaining the pluripotency of embryonic stem cells [20] . Activation of the JAK/STAT signaling pathways in trophoblast cells can lead to the progression of PE [21] . STATs are tyrosine phosphorylated in response to cytokines, hormones, or growth factors as transcription factors, which regulate gene transcription associated with cell growth, inflammation, and immune responses [22] . STAT3, as a member of the STATs family, is able to transmit signals from the cell surface to the nucleus in the activation of growth and cytokines factors, which can improve the survival rate of tumor cells [23] . Additionally, it has been shown that STAT3 can contribute to carcinogenesis and tumor progression by increasing gene expression [24] . Similarly, Bollrath et al. proved that STAT3/p-STAT3 is correlated with tumor progression leading to cancer, and the high expressions of STAT3 and p-STAT3 exists in many kinds of cancers [25] . Accumulating evidence demonstrates that activation of the JAK/STAT3 signaling pathway by growth factors or cytokines plays an important role in the growth and progression of tumors [26, 27] , which is consistent with our results.
The expressions of p-JAK and p-STAT3 in the trophoblast cells were higher in the hypoxia group and hypoxia + si-NC group than in the blank group, which proves that hypoxia can activate the JAK/STAT3 signaling pathway. A previous study reported that hypoxic-conditioned media infusion increased STAT3 phosphorylation and SOCS3 expression [28] . SOCS3 protein can negatively regulate the JAK/STAT signaling pathway, and is also a regulator of other signaling pathways via crosstalk [29] . Activated STAT3 induces the expression of SOCS3, which in turn terminates the JAK/STAT signaling cascade, thus forming a negative-feedback loop that converts the cells into a basal state [30] . The phosphorylation of STAT3 activation is induced by JAK2, and phosphorylated STAT3 dimers are transformed into the nucleus to induce the expression of genes regulated by STAT, which is associated with the proliferation, differentiation, and survival of cells [31] . The JAK/STAT3 signaling pathway has 2 major phosphorylated sites -the Tyr705 phosphorylated site and the Ser727 phosphorylated site8 -and the Tyr705 phosphorylated site activated by JAK and Src is essential for excitation of STAT3 [32] . Recently, de Groot et al. discovered that hypoxia can induce STAT3 during the initiation of antiangiogenic therapy [33] .
In addition, we found that hypoxic preconditioning promotes colony formation and cell viability and increases the expression of angiogenesis-related factors such as VEGF, bFGF, and HGF, while inhibiting the apoptosis of trophoblast cells in PE. Previous studies show that hypoxia appears to play a key role in the development of preeclampsia [34, 35] . Hypoxia is involved in the regulation of differentiation, proliferation, migration, invasion, and apoptosis of trophoblast cells [36, 37] . Due to the shallow reconstruction of maternal blood vessels by trophoblasts, it is widely believed that the oxygen tension at the feto-maternal interface in PE is much lower [38] . VEGF is a signal protein that stimulates vasculogenesis and angiogenesis and restores the oxygen supply to tissues when blood circulation is inadequate, and its secretion is induced in trophoblast cells [19, 39] . VEGF expression is regulated by STAT3, whose expression in the setting of failed antiangiogenic therapy may be secondary to the induction of VEGF independent angiogenic pathways [40] .
Conclusions
In conclusion, the present study provides a new insight that hypoxia activates the JAK/STAT3 signaling pathway, thus contributing to an increase in trophoblast cell viability and in angiogenesis, and to a reduction in cell apoptosis in PE. The limitations of this study are that it was designed using cells in culture and used an in vitro hypoxia model. Further investigations are needed to investigate the changes of the JAK/STAT3 signaling pathway in placental tissues treated by hypoxic preconditioning in a mouse PE model.
